Female moths of Bombyx mori were artificially inseminated with cryopreserved semen.
Introduction
Cryopreservation of sperm and artificial fertilization and/or artificial insemination serve practical and research purposes in animals (Polge and Rowson, 1952; Graham et al., 1978; Polge, 1978) . In insects, methodological progress in this field may reduce work cost and laboratory space in genetically important species such as Drosophila melanogaster, Apis mellifera and Bombyx mori.
B. mori is not only genetically but also economically important. More than 3,000 strains (Yamamoto, 2000) and 400 mutations are known which have to be maintained by rearing year after year. Recently, a feasible artificial insemination technique has been developed in this species (Takemura et al., 1996; 1999) , and successfully applied to some races and hybrids using cryopreserved semen (Takemura and Kanda, 1999; Takemura et al., 2000) . This would open the gate to the frozen storage of silkworm genetic resources without rearing the strains every year. The fertility of cryopreserved semen and the number of fertilized eggs, however, varies depending on the race used (Takemura and Kanda, 1999) . Unfortunately, there are even races that do not tolerate routine cryopreservation at all (this study).
Semen dissected from the vesicula seminalis contains eupyrene sperm bundles (fertilizing) and apyrene spermatozoa (non-fertilizing but indispensable for fertilization; Osanai et al., 1988; Sahara and Kawamura, 2002, 2004; Sahara and Takemura, 2003 ; also see review : Friedländer et al., 2005) . Here we investigate the question of which type of sperm is affected by the freezing and thawing process. We set out to develop a more reliable method of artificial insemination using cryopreserved semen. This study, therefore, may contribute to the establishment of a widely applicable, long-term, silkworm semen cryopreservation and artificial insemination protocol.
Materials and methods

Bombyx mori strains
The B. mori L. strains used were Pure Mysole, Uryu, re9, Tw1, p50 and hybrids of Hitachi × Nishiki and W2. re9 is a red egg (re/re) and stripe larval skin (p
Tw1 and W2 are white egg (w-2/w-2) and plane (p/p) larval skin mutants. The other strains all yield fertile eggs with a wild-type (black) color (+ w-2 /+ w-2 , + re /+ re ). p50 is a regional Chinese strain, which was used in whole genome shotgun sequencing (Mita et al 2004) . Pure Mysole and Uryu are regional Indian and Chinese strains respectively, and Hitachi × Nishiki is a practical hybrid for silk production. Since wild-type (black) egg color is genetically dominant over the white egg mutant, eggs obtained by cross-mating of W2 and wild-type egg color races become pigmented after fertilization, whereas eggs remain whitish if they are not fertilized. This is a phenotypic marker for assessing fertilization. Fertility of cryopreserved Tw1 semen was determined by monitoring embryogenesis since the sperm carried the white egg mutation.
Induction of triploids
Type-A triploid F 1 eggs of the cross between an re9 female and a Tw1 male at the first cleavage stage (120 to 150 min after oviposition) were cooled to -10 o C for 24h and then returned to room temperature. Eggs with large serosa nuclei were selected as tetraploids (rw4n) (see Kawamura, 1979) . Since meiotic chromosomes in female silkworms perform no crossing-over, tetraploid females are as fertile as diploid ones. By crossing an rw4n female with a diploid male (rs), we obtained triploid individuals. Polyploidy of the progeny was confirmed by the egg color segregation ratio of black to red eggs in the backcross, 5:1 for triploids and 1:1 for diploids.
Type-B triploid
Type-B triploid eggs were obtained using CO 2 gas treatment (Tazima and Onuma, 1967 Tazima and Onuma, 1967) . The type-B triploid males used in our experiments resulted from crosses of the tetraploid females with diploid males.
Cryopreservation
For cryopreservation and thawing we followed the method developed by Takemura et al. (2000) . A 10% dimethylsulfoxide (Me 2 SO) solution in Grace's medium was added to the same volume of semen as a cryoprotectant. For the freeze-and-thaw damage experiment using Hitachi × Nishiki, we exceptionally used 5% Me 2 SO in Grace's medium. The semen was placed in a 0.25ml straw and frozen in a mechanical freezer (-80 o C) for 10 min. Then the straw was transferred to liquid nitrogen. After being kept at -196 o C for 30 min, the straw was thawed in water at 37 o C for 10 seconds. At the time of insemination, the thawed semen was mixed with the trypsin solution as described below or with trypsin solution plus sperm from the triploid individuals.
Artificial insemination
Artificial insemination was carried out according to the method reported by Takemura et al. (1996, 1999) . For collection of semen, whole internal reproductive organs were dissected from dozens of males. The semen collected from ruptured seminal vesicles was kept in a sterilized ice-cold dish until we started the freezing process. Because the function of sperm activation in the glandula prostatica can be mimicked with trypsin (Takemura et al., 1999) , the thawed semen was mixed with 1/4 volume of 0.75µg/ml trypsin (crystalline trypsin from porcine pancreas; specific activity, 5300 USP units per mg, Wako Pure Chemical Industries Ltd., Osaka, Japan, cat. No. 207-09891) in Grace's medium. A 10-12µl aliquot of a 1:1 mixture of semen and Grace's medium was injected into the bursa copulatrix of virgin moths.
In the experiments with helper sperm, the apyrene sperm from the triploid donors was mixed with frozen-and-thawed semen before trypsin treatment. The final mixture contained sperm from the triploid individuals, semen and Grace's medium in a 1 : 1 : 1 ratio.
Results
When female moths are artificially inseminated with cryopreserved semen from hybrid males, they lay almost as many eggs as control moths which have mated normally (Takemura and Kanda, 1999; Mochida et al., 2003) . Semen of some pure races, however, is adversely affected by cryopreservation (Takemura and Kanda, 1999) . This was confirmed in the present study. We even found one strain, Tw1, whose semen completely lost fertility after cryopreservation. Previously published and new fertilization data have been compiled in Table 1 .
These results prompted us to investigate improvements of the cryopreservation and artificial insemination technique. Since Sahara and Takemura (2003) had successfully used a mixture of apyrene sperm from triploid males with cryopreserved eupyrene sperm, we investigated the benefits of this method. As a test strain, Tw1 could have been the best if the white egg 2 mutant had not prevented easy discrimination of fertilized from unfertilized eggs by egg color (see Materials and Methods). Instead, we selected for the experiments two races, Uryu and p50, with low fertility and one race, Pure Mysole, with moderately high fertility after insemination with cryopreserved semen (see Table 1 ).
Fecundity in these strains was tested after (1) natural mating, (2) artificial insemination with cryopreserved semen and (3) artificial insemination with cryopreserved semen plus fresh, unfrozen semen from type-A triploids. Fertility after artificial insemination of cryopreserved semen was about the same as that in the previous experiments and noticeably lower than after natural mating ( Table 2 ). The addition of fresh semen from type-A triploid individuals substantially increased the fecundity of the inseminated females even though the concentration of eupyrene sperm in the inseminating mixture was less (2/3, see materials and methods). It is therefore evident that the damage done to semen by the freeze-and-thaw procedure can be remedied by the addition of fresh but infertile semen from triploid donors. The fertilized eggs of all three races hatched with similar percentage success rates (Table 2) .
Cryopreserved semen of the hybrid Hitachi × Nishiki retained the ability to fertilize eggs even after one year of storage (Takemura et al., 2000) . In order to investigate freeze-and-thaw damage to apyrene sperm we subjected semen of this cryotolerant hybrid to harsher conditions, namely a reduced concentration of the cryoprotectant (5% Me 2 SO). Under these conditions, Hitachi × Nishiki semen completely lost its fertilization ability (Table 3, compare lines 1 and 2) . Nevertheless, addition of fresh semen from the type-B triploid donors restored fecundity (Table 3, line 3). Addition of semen from the same triploid donors, which had been cryopreserved using 10% Me 2 SO restored fertility to a similar extent as fresh semen from triploid donors ( Table 3 , line 4). Presumably, therefore, it is the apyrene sperm of Hitachi × Nishiki that is damaged by the 5% Me 2 SO freeze-and-thaw procedure.
The generation of triploid males as donors for fresh apyrene sperm is a tedious procedure which would inhibit the application of our results as a routine technique. In a first step to reduce the expenditure of time and work, we tested the performance of the two types of hybrid semen (required for the generation of both type-A and type-B triploids) after cryopreservation. The fertility of both types of cryopreserved semen after artificial insemination (without addition of helper sperm from the triploid donors) was only slightly reduced when compared with that of fresh semen after natural mating (Table 4 ). This shows that cryopreserved semen can be used for the induction of both types of triploids, thus saving time and money for a routine application. Type-B triploid apyrene sperm cryopreserved with standard conditions (10% Me 2 SO) was able to restore the fertility of Hitachi × Nishiki semen that had been kept under harsher conditions (5% Me 2 SO) ( Table 3 , lines 2 and 4). Although not quite as good as fresh apyrene sperm (Table 3 , compare lines 3 and 4), the use of cryopreserved helper sperm from the triploid donors would make the technique much more convenient. Therefore we tested the performance of cryopreserved helper sperm from triploid donors systematically in combination with cryopreserved Uryu semen. In this experiment, frozen Uryu semen completely lost fertility when used without the helper sperm (Table   5 , compare lines 1 and 2). The restoration of fecundity by addition of fresh apyrene sperm from triploid donors was good (Table 5 , lines 3 and 4). In experiments with cryopreserved helper sperm from triploid donors, the performance of type-B sperm was noticeably better than that of type-A sperm (Table 5 , lines 5 and 6).
Discussion
In this paper we have shown that cryopreservation of semen from some silkworm genotypes results in a loss of fertility, but that this loss of fertilizing ability can be rescued by mixing the cryopreserved sperm with fresh semen from triploid donors. We interpret these results as indicating that apyrene sperm being preferentially disabled by the freeze-and-thaw procedure, but that these apyrene sperm can be replaced by the addition of fresh apyrene sperm from the triploid donors. Our results show furthermore that the infertile nucleated ("eupyrene") sperm of the triploid males do not interfere to a noticeable extent with the ability of fertile eupyrene sperm from the diploid donors. Our results also confirm that apyrene sperm do not distinguish "self" from "non-self" eupyrene sperm, as previously shown by Sahara and Takemura (2003) . This fits well to the hypothesis that Lepidoptera avoid sperm competition by delay of re-mating (Cook and Wedell, 1999) . On the other hand, the "kamikaze sperm" hypothesis (Silberglied et al., 1984) , in which apyrene function is claimed to be a tool for male-to-male reproductive competition, does not fit the results.
The greater sensitivity of apyrene sperm to freeze-thaw cycles is illustrated by the experiment (Table 3) in which Hitachi × Nishiki semen was cryopreserved using either 5% or 10% Me 2 SO. When high Me 2 SO conditions were used, both types of sperm were successfully preserved, and the fertility of inseminated females was high. But when low Me 2 SO was used, damage to apyrene sperm led to seriously compromised fertility. The lost fertility was, however, completely rescued when semen from triploid donors was added. This must mean that the eupyrene sperm from this diploid strain are able to survive freezing in 5% Me 2 SO, while apyrene sperm from this strain are not.
In the vesicula seminalis (from which we collected the semen samples) eupyrene sperm are maintained in bundles, whereas the corresponding bundles of apyrene sperm are already fully dissociated, so that these sperm are found singly (Katsuno, 1977) . The preferential disabling of apyrene sperm by freezing and thawing may result from this difference. A similar loss of fertility has been found in frozen semen pretreated with trypsin solution before freezing (Takemura et al., 2000) .
We systematically showed that cryopreserved apyrene sperm from both types of triploid donor restored the fecundity of frozen Uryu semen which had completely lost its fertilization ability (Table 5 ). While both types of triploid semen proved adequate for most practical purposes, we recommend to use semen from type-B triploids when high fertilization efficiency is required. Our results extend the possibilities to maintain silkworm resources by cryopreservation in a routine procedure by either fresh or frozen helper sperm from the triploid donors.
The different performance of cryopreserved type-A and type-B helper sperm (Table 5 ), like that of different strains (see Table 1 Table 2 Fecundity of p50, Uryu and Pure Mysole in natural mating and artificial insemination using cryopreserved semen with and without fresh semen from the type-A triploids 
